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Abstract:

An optical device including planar grating and fiber bundle was proposed and designed for
compact spectroscopic imaging system. Curvature of end face of fiber bundle and phase shift func-
tion of grating were optimized for reducing aberration. Spectral resolution of 4 nm with spatial reso-
lution of 0.2 mm was predicted for 100 nm wavelength range with 10 mm bundle width.

1. Introduction

Spectroscopic imaging is useful technique in applications such as coloring-matter identification
in old paintings or textiles, medium or chemical-state analysisin biological or medical diagnosis, etc.
Although there have been several optical systems, a compact and handy system will be required in
application to in situ analysis or in vivo diagnosis. A typical system, in which two-dimensional im-
ages are wavelength-filtered while many filters for different wavelengths are used in turn, is not good
at detection of continuous spectra. Wavelength scanning of light-source by a monochromator can not
be utilized in luminescence or wavelength shift case. Fourier transform spectroscopic imaging tech-
nique serves as a high performance system but requires some large optical system and complicated
dataconversion. On the other hand, athin film grating lens' isvery attractive in system miniaturiza-
tion since wavelength dispersion function and lens function can be achieved by single component.
Besidesiit, athin film grating can be fabricated by using planar fabrication processes with high pro-
ductivity. However, agrating lensis not good at wide-view-angle imaging, because large aberration
arises when the grating is used with neither designed incident wavefront nor designed wavelength.
Specially designed systems are therefore required for suppressing aberration down to practical level.
For an example, we reported® a combination of two gratings, one for mainly color-splitting and the
other for mainly aberration correction, to construct a compact color scanner system where it is suffi-
cient to detect only three colors. In this paper, we propose and discuss a new compact optical device
applicable to two-dimensional mapping of continuous spectra.
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2. Configuration of proposed optical device

Reflection, transmission or luminescence spectraof a subject are detected by using afiber bundle,
athin film reflection type grating and a two-dimensional image sensor. Light from the subject is
coupled into the fiber bundle through an input end, and is guided to an output end. Schematic view of
the proposed compact spectroscopic imaging deviceisillustrated in Fig. 1. End surface of the fiber
bundleis curved horizontally. A curved mask with athin dlit is set close to the bundle end surface with
small gap. Light, coming out through the silt and diverging in the air, is diffracted by the grating lens
to the image sensor. Diffraction angle depends on wavelength. The grating lens is designed so that
light from one fiber end is focused onto a corresponding focal line dispersed with wavelength along
y.-axis on the image sensor plane. Spectrum of the light is given by intensity distribution along y, -
axison theimage sensor. Lightsfrom the center fiber end O and the most outside fiber end Q and their
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3. Design of grating lens and fiber end position
A device was designed for fiber bundle Optical fiber
of 10 mm width and spectrum rangefrom 510~ bundle § Slit
nm to 610 nm with resolution better than 5 :..-' /
nmthistime. This system would be useful for Mask
ischemia diagnosis since the spectrum range
and resolution isused in blood oximetry. Cross
sectional view of optics layout is depicted in Fig. 2 Cross-sectional view of opticslayout
Fig. 2. Angle g, of incident wave to the grat- and waves ony-z plane.
ing was 70°. Propagation direction of diffracted wave depends on wavelength but was almost normal
of the grating surface. These were chosen to give large wavelength dispersion in diffraction angle
with practically feasible optics layout. Numerical aperture of each fiber was assumed to be 0.05.
Position of each fiber end on the dlit, phase shift function of the grating, and tilt angle 6, of the
Image sensor plane measured from parallel to the grating plane are optimized by numerical iteration
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using ray tracing method for minimizing the largest aberration in foci on the image sensor plane for
incident waves of wavelengths of 510 nm, 560 nm and 610 nm radiated from fibers located at x = 0,
11, £2, £3, +4, +5 mm. Phase shift function of the grating was expressed by
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where A was a wavelength used only in numerical procedure and was 560 nm. The first and the
second terms in braces represent phases on the grating plane of an incident wave diverging from a
point (0, - f sin 6, f,, cos §,) and of adiffracted wave focusing to apoaint (0, O, f, ;). Lengths f and
four were used asinitial valuesin numerica optimization and both were 10 mm. A grating of which
phase shift function consists of only the first and the second terms provides an aberration-free focus
for the above-mentioned incident wave of wavelength A ;. However, the aberration grows when an
incident wave deviates in wavelength or in wavefront from the designed one. The third term consist-
ing of polynomials with respect to coordinates was introduced to reduce the aberration down to ac-
ceptable level for any incident wave in consideration. Coefficients C, were optimized along with the
tilt angle 6., and the fiber end position. m-th line pattern of the grating lens which gives the phase
shift was calculated from ® = 2 mm+ const. The grating can be fabricated by the el ectron beam direct
writing technique.

Optimized fiber end position istraced in Fig. 3. Distance from the grating is the longest at the
center and becomes shorter for afiber situated farther from the center. It ranges from 7.5 mmto 21
mm. Such adeeply concave form makes sense in view of well known configuration for sharp imaging
with plane surface. Tilt angle 6, was optimized to be 51°. This rather large angle results from afact
that lens power becomes weaker for shorter wavelength while the diffraction angle is smaller. Point

spread images obtained by plotting points of 24

sampled rays crossing the image plane are shown -g = O

inFig. 4. Coordinatesx, andy, of theimageplane o E 20}

aredefined in Fig. 2. Threeimagesony,_-axisare g \?3_? 6l

for light coming from the center point O shownin 2 ;

Fig. 1. Top, middie and bottom images correspond é 2 101

to wavelengths of 510 nm, 560 nm and 610 nm, % g

respectively. This indicates the spectrum is ob- @ 5 8T o
tained by detecting intensity profile along y, -axis é % alb

evenif itiscontinuousone. Imagesaredispersed A x

over 25 mm for a wavelength range of 100 nm e > o >+
while root mean square (RMS) spot radius was Fiber end position along x-axis [mm]

calculated to be smaller than 0.05 mm, meaning

. Fig. 3 Optimized fiber end position measured
spectrum resolution of 2 nm. Eleven sets of three

from x-axis on grating plane, showing mask
images are shown for lights of the same wavelength curvature or dlit curve.



set diverging from fibers situated at x = 45

0, 1, £2, £3, #4, £5 mm. The largest a0k A=510nm * ]
RM S spot radiuswasincluded in the end asl 4 salan® )
image set Q, but smaller than 0.1 mm. T 30l
Spectrum is spread over 3.5 mm, mean- £ 2'5. o)
ing the resolution is better than 4 nm. =T A=560nm « ]
i i i i = 20 Y eaaifs e

Spatial resolution along x-axis was esti- odl ' ]
mated to be 0.2 mm from RM S image L5 -
radius and spaces between the image 100 | JR :\ :*610 nm
sets and between corresponding fibers. osL.. v . LTV Y

. . -8 6 -4 -2 0 2 4 6 8
Spectrum lineis dlightly tilted from y, -

X [mm]

axis and data processing is required to _ _ _ X

. rrect trum for liaht from Fig. 4 Point spread images obtained by ray
give acorrect spectrum tor fignt Tro tracing. Image sets of O and Q are for lights
an outer-sidefiber situated at [x| >4 mm, from points O (x = 0) and Q (x = 5mm)

whereas spectrum line for an inner-side depicted in Figs. 1 & 3, respectively.
fiber isalmost parallél to y,-axis and the spectrum can be obtained directly from intensity distribution
on araster if ausual two-dimensional CCD is set on the image plane.

4. Conclusion

A new configuration was proposed and designed for constructing a compact spectroscopic im-
aging system. Phase shift function of reflection grating lens, curvature of fiber bundle end face and tilt
angle of imaging plane were optimized for suppressing aberration down to practical level. Spectral
resolution of 4 nm with spatial resolution of 0.2 mm is expected for 100 nm wavelength range with 10
mm fiber bundle width.
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